Macroscopic realism is the name for a class of modifications to quantum theory that allow macroscopic objects to be described in a measurement-independent manner, while largely preserving a fully quantum mechanical description of the microscopic world. Objective collapse theories are examples which aim to solve the quantum measurement problem through modified dynamical laws. Whether such theories describe nature, however, is not known. Here we describe and implement an experimental protocol capable of constraining theories of this class, that is more noise tolerant and conceptually transparent than the original Leggett-Garg test. We implement the protocol in a superconducting flux qubit, and rule out (by B84 s.d.) those theories which would deny coherent superpositions of 170 nA currents over a B10 ns timescale. Further, we address the 'clumsiness loophole' by determining classical disturbance with control experiments. Our results constitute strong evidence for the superposition of states of nontrivial macroscopic distinctness. I n their original paper, Leggett and Garg (LG) asked whether the flux trapped in a superconducting ring was really 'there' when nobody looks 1 . The systems LG had in mind are micrometre scale loops of superconducting material interrupted with one or more nonlinear elements known as Josephson junctions. Such circuits define two possible states of magnetic flux threading the loop, and modern variants 2 are among the most macroscopic candidates for a quantum bit (or qubit), the basic constituent of various proffered quantum-enhanced technologies such as the quantum computer. When a measurement is made, the qubit is found in one of the two possible states |gi or |ei with a probability that oscillates in time. Observation of such so-called 'Rabi oscillations' is consistent with a textbook quantum mechanical prediction (which generally ascribes a nonzero complex amplitude to each of the states), but not necessarily inconsistent with a classical 'value-definite' description (which prescribes that the system is in exactly one state at any given moment) 3 . The decay envelope of the Rabi oscillations is given by an empirical parameter T 2 . Huge efforts have been invested in extending this characteristic 'coherence time' to the current stateof-the-art value of 85 ms (ref. 4), with a view to crossing the quantum error-correction thresholds and enabling large-scale quantum computation 5 . The guiding question of LG's approach extends beyond their prototypical system: is there a fundamental mechanism preventing macroscopic superpositions from persisting, or is the problem merely about resources? LG's name for the former position is 'macroscopic realism', or 'macrorealism' for short: objective collapse models such as Ghirardi, Rimini, Weber and Pearle (GRWP) theory 6,7 or Penrose's gravitationally induced collapse theory 8 are specific examples which might make the quantum-classical divide well defined.
I n their original paper, Leggett and Garg (LG) asked whether the flux trapped in a superconducting ring was really 'there' when nobody looks 1 . The systems LG had in mind are micrometre scale loops of superconducting material interrupted with one or more nonlinear elements known as Josephson junctions. Such circuits define two possible states of magnetic flux threading the loop, and modern variants 2 are among the most macroscopic candidates for a quantum bit (or qubit), the basic constituent of various proffered quantum-enhanced technologies such as the quantum computer. When a measurement is made, the qubit is found in one of the two possible states |gi or |ei with a probability that oscillates in time. Observation of such so-called 'Rabi oscillations' is consistent with a textbook quantum mechanical prediction (which generally ascribes a nonzero complex amplitude to each of the states), but not necessarily inconsistent with a classical 'value-definite' description (which prescribes that the system is in exactly one state at any given moment) 3 . The decay envelope of the Rabi oscillations is given by an empirical parameter T 2 . Huge efforts have been invested in extending this characteristic 'coherence time' to the current stateof-the-art value of 85 ms (ref. 4) , with a view to crossing the quantum error-correction thresholds and enabling large-scale quantum computation 5 . The guiding question of LG's approach extends beyond their prototypical system: is there a fundamental mechanism preventing macroscopic superpositions from persisting, or is the problem merely about resources? LG's name for the former position is 'macroscopic realism', or 'macrorealism' for short: objective collapse models such as Ghirardi, Rimini, Weber and Pearle (GRWP) theory 6,7 or Penrose's gravitationally induced collapse theory 8 are specific examples which might make the quantum-classical divide well defined.
Motivated by the need for a strict test which could rule out this worldview, LG considered Q 1 , Q 2 , Q 3 as the value taken by a macroscopic observable Q measured at three consecutive times t 1 , t 2 , t 3 , respectively. LG made the assumption of 'macrorealism per se' (MRPS): that these variables can each be assigned a value ± 1 at all times. Then the constraint 1
will hold. An elementary consequence is
where hyi G denotes the average over a 'grand' ensemble (or experimental arrangement) where all three observables (Q 1 , Q 2 , Q 3 ) are measured.
LG conjoined a premise they termed 'non-invasive measurability' (NIM) to reach
LGI :
the Leggett-Garg inequality (LGI). Here, . . . h i i (for i ¼ 1, 2, 3) denotes an average over a ensemble identical to the grand ensemble, with the exception that the observable Q i is not measured. If NIM is taken to mean that a suitably careful measurement has no effect on the statistics of measurement outcomes before or after it, it is effectively the premise . . .
that the three ensembles in which experiments are actually performed (see Fig. 1a ) are equivalent to the grand ensemble. Here, we include the impossibility of backwards causation (sometimes called Induction 9 ) in NIM. When 'shuffling' operations S 1 and S 2 (which induce coherent oscillations between the two states of interest) intervene respectively between t 1 and t 2 , and between t 2 and t 3 , LGI can be violated by a quantum mechanical system. If the system is sufficiently large (super-critically macroscopic), on the other hand, macrorealism predicts that no such violation is possible.
LGI or variants thereof have been experimentally tested (and violated) in a wide variety of microscopic experimental systems, sometimes with one or more of a variety of additional assumptions. A review of these experiments may be found in ref. 10 , but see also more recent experimental tests on a caesium atom 11 , delocalized photoexcitations 12 and a two-transmon system 13 . The demanding nature of LG tests has so far influenced the slow progress of experiments toward larger objects, meaning that experiments performed to date at best place only loose bounds on the critical macroscopicity.
Here, we show that LG's approach can be significantly streamlined, resulting in a conceptually cleaner and experimentally simplified protocol. We go on to apply our new protocol to a LG
Figure 1 | A simplified test of macrorealism. (a) Leggett-Garg (LG) derive their inequality-constraint on macrorealism by considering a measurement of a bivalent observable Q at three consecutive times (on an ensemble 'G' of two-level systems). The inequality is tested by gathering two-time correlators from separate experiments, each with a measurement omitted at one of the instants (ensemble ' 1' and so on). The lower pane shows our full, simplified experimental protocol. In our experiment the shuffling operations are pulses induced with resonant microwave radiation that cause a pseudo-spin rotation by a variable angle y, creating coherent superpositions of |gi and |ei. superconducting flux qubit, thereby pushing the envelope of macroscopicity. The experimental results place constraints on all possible macroscopic-realist theories, and should spur progress towards tests at higher levels of macroscopicity.
Results

A simpler test. MRPS and NIM allow one to reach a simpler constraint
with the ensembles as defined previously. We call this equality the 'non-disturbance condition' (NDC). This condition has been derived by others and has been termed a quantum witness 14 , 'non disturbing measurement' 15, 16 or 'no signalling in time' condition 17 . It follows from the same assumptions as LGI (Supplementary Note 1 and Supplementary Table 1) and demands a zero effect of the choice of measurement at t 2 on the statistics of a measurement at the later time t 3 . Here we suggest, however, that the requirements for the measurement at t 2 are very minimal-it will be clear shortly that it need not even be a measurement at all, but some generalized operation O about which we need not assume anything. All pertinent properties of O are to be obtained through experiment. Inspection of the NDC exposes a number of advantages over LGI. First, that there is no need to measure at all at t 1 . Second, that only one-point averages, rather than two-point correlations are required. Third, that the condition is an equality rather than an inequality 18 . The latter two points imply that any non-zero measurement visibility V: ¼ (maxhQi obs À minhQi obs )/ (maxhQi ideal À minhQi ideal ) (relating observed statistics to ideal ones) is sufficient to find a violation in principle, whereas previously V4 ffiffiffiffiffiffiffi ffi 2=3 p was required.
Measurement invasiveness. The ever-present possibility of a clumsy measurement procedure at t 2 , giving rise to a violation, rather than any inherent quantum effect, is as important a loophole here as ever. The issue has so far only been addressed with a priori arguments-those from the use of null result measurements 11, 19 , weak measurements [20] [21] [22] or the use of an additional 'stationarity' assumption 23 . By contrast, Leggett 24 and later Wilde and Mizel 25 have proposed that the problem can be attacked experimentally. This is precisely the approach we adopt here: The classical disturbance of a measurement (which we define shortly) may be determined in a control experiment, rather than assumed zero. Building on these ideas, here we lay out a precise and operational notion of macrorealism that may be tested in the laboratory. Using conditional probabilities, define the disturbance parameter d s :
as a measure of how much disturbance is introduced to Q 3 by applying O at t 2 (compared with doing nothing) when the preparation of the system immediately before t 2 is described by s. In a pair of control experiments, determine d g and d e , where g and e are the states that the measurement reveals reliably (that is, with 100% chance). These are measures of classical disturbance: see Fig. 1b . 
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Once the control experiments are completed, the main experiment may begin to determine d r . r describes the net preparation when g is followed by a shuffling operation S 1 (see Fig. 1c ). According to quantum mechanics, the preparation r is described by a density operator r¼ a j j
Here, r g,e ¼ |g, eihg, e| are the density operators associated with preparations g, e respectively, a and b are complex numbers satisfying |a| 2 þ |b| 2 ¼ 1, and C¼ðab w g j i e h j þ h:c:Þ are offdiagonal 'coherence' terms. In this language the predictions of a macrorealist theory (for super-critically macroscopic systems) are equivalent to those which follow from putting C¼0.
Under the assumption that S 1 merely prepares weighted convex combinations (statistical mixtures) of the preparations associated with g and e, and does not affect the operation of the measurement at t 2 , it could be thought natural that the disturbance d r should not be higher than the similarly weighted linear combination of each individual disturbance:
or even the much weaker
to cover the possibility that the shuffling operation simply deterministically prepares the worst state (that is, the one with the highest susceptibility to disturbance by O). The fact that (theoretically at least)
as an instance of 'super-activation' 26 . Our definition of macrorealism (7) is a noise-tolerant version of Maroney and Timpson's 'operational eigenstate mixture macrorealism' 16 . If the quantum disturbance d r is significantly greater in magnitude than the greatest classical disturbance, this implies that the shuffling operation prepared something other than a statistical mixture of g and e. On the quantum view, this would be a coherent superposition of the preparations. On a hidden-variable view, where preparation of a pure quantum state is actually a stochastic selection from a set of underlying states of reality {l i }, r might access a new set of {l i } not selectable via either e or g; or indeed represent a distribution over the same {l i } that is further from equilibrium with respect to O (ref. 16) . It is worth noting that the leading theories of macrorealism do not rely on such hidden states, and so (along with a whole class of future theories subscribing to (7)) can indeed be ruled out by our approach.
Experimental results. Now, let us test the protocol experimentally using a superconducting flux qubit, where O is a measurement whose result is not inspected: Schild and Emary 27 call this a 'blind measurement' but here we refer to it as a 'measurement pulse' due to the way it is implemented in our system. We find d e 4d g , and a violation of (7) Fig. 2 ). Despite our use of a relatively low fidelity qubit, we are able to reach very low uncertainties by performing 7 Â 10 6 trials per data point (see Fig. 3 ). A more pristine flux qubit with increased visibility and longer coherence times could display an even stronger violation of the macrorealist view. Our strict test of macrorealism provides evidence for a superposition of magnetic moments equivalent to several hundred thousand static electron spins pointing in opposite directions simultaneously. For further discussion on measures of macroscopicity, see Supplementary Note 3.
Discussion
Note that the visibility of our measurement V E 0.28 is far below that required to find a violation of the LGI-this showcases the advantage of our scheme over standard tests of macrorealism. By eschewing LG's inequality, but upholding their methodology (as we have done here), improved bounds on macrorealist theories may be obtained more easily. This is in contrast with proposals that tend to increase the complexity both of the logical argument and of the experimental set-up; note that the requirements of a recent laboratory test of the LGI 22 extend to high visibility, partial-strength, non-demolition measurements of two-time correlators via entanglement with a coherent ancilla-requirements that are not necessary in our approach. Furthermore, our reasoning does not use any quantum mechanical assumptions, which, if relied on, can otherwise vitiate the refutation of macrorealism. With the experimental protocol duly simplified, the challenge now is to perform strict tests of macrorealism at much higher macroscopicities-a feat which should be possible as long as the classical disturbance of one's measurement is not too high.
Methods
Qubit design and fabrication. Our three-junction flux qubit, fabricated using angled evaporation, is placed at the centre of a transmission line Josephson Bifurcation Amplifier (JBA) resonator where it is magnetically coupled (see Fig. 2 ). The Hamiltonian is
where D is the tunnelling energy and E is the bias energy, and h j i and g j i are states of definite supercurrent. The energy eigenstates are
e j i¼ cos x h j iÀ sin x g j i ð10Þ , d e , the control circuitry of our system was arranged in three separate experiments so that the pseudo-spin rotation angles of S 1 and S 2 were, respectively (0, y),(y, y),(2y, y) for a range of angles y. We then selected the data corresponding to y ¼ p/2, (c.f. Fig. 1b,c ) which corresponds to a certain microwave pulse power (shown with a dotted vertical line). Error bars correspond to a 95% confidence interval. The microwave amplitude shown is at the signal generator (it is attenuated before reaching the flux qubit). For quantum mechanical curves, see Supplementary Note 2 and Supplementary Fig. 1 . Preparation, control and readout. Initialization of our flux qubit (operating below 10 mK) is achieved by thermal relaxation. Microwave lines provide a mechanism for applying resonant qubit control pulses of fixed duration (2 ns), which rotate the qubit state by an angle proportional to the amplitude of the applied field. The second S 2 control pulse is applied 18 ns after the S 1 pulse. The effect of the fixed-duration pulses is controlled by modulating the power (see Fig. 3 ). To calibrate microwave power with the intended rotation angle y we measured a (2y, 0) sequence, and fitted a sinusoid to the data. The data agree qualitatively with a simple quantum mechanical model (see Supplementary Fig. 1 ).
Optionally, we apply a measurement pulse O (at a frequency of 6.5 GHz with total length 12 ns with 4 ns rising time) to the JBA, turning it on at t 2 (between S 1 and S 2 ). This operation can be thought of as a measurement of the flux qubit, or (since we do not inspect the result) equivalently, as a completely dephasing operation E r ð Þ¼ a j j 2 g j i g h jþ b j j 2 e j i e h j. The qubit state is finally measured at t 3 , again through coupling to the JBA in the standard manner [28] [29] [30] .
Statistics. Variances in measured quantities were propagated according to
E84. We conclude that our violation of macrorealism is of extremely high significance (See Fig. 2 ).
Data availability. All relevant data are available from the authors. In the main text we argued directly from NIM to the NDC. It is possible however, to argue from
to the NDC. It is clear that a slight modification from LGI to
LG1 :
also follows via NIM, and captures all of the essential features of the LGI. The advantage is that now only two ensembles need be discussed. One should in principle check for the disturbance of any measurement which appears in some ensembles and not in others during the course of the test of macrorealism. With the full machinery of LGI in place, this would involve testing
in control experiments, and then looking for satisfaction or violation of
The assumption that d LG2 :
obtained by changing the sign of two correlators, becomes d ≤ 0. These two inequalities together imply d = 0. In formal notation (∧ for logical conjunction, → for implication, ¬ for negation)
Similar arguments can be made for the other three combinations, which make use of another pair of inequalities LG3 :
The eight logical implications required to secure all possibilities are shown in Supplementary and Q 2 such that at least one simplified LG inequality is duly violated:
Furthermore, given a fixed value assignment of Q 1 and Q 2 , the sign of the violation of the NDC will inform as to which one of a pair of LG inequalities is violated.
Supplementary Note 2: Ideal quantum mechanical predictions for Figure 3 of the main text
Although our refutation of macroscopic realism does not require that quantum mechanical predictions are reproduced, for completeness we show that the results in Figure 3 of the main text are captured by a simple quantum mechanical model. Our qubit begins in the ground state |g , and then is subject to a pseudo-spin rotation through angle θ 1 . Next, it either experiences environ-mental dephasing for a fixed period t ∼ 18 ns, or a measurement pulse O which causes complete dephasing. It is then subject to another pseudo-spin rotation through angle θ 2 before being subject to a measurement of Q 3 = |e e| − |g g|. The expectation value is
where as before the subscript G (2) denotes that the operation O was (was not) performed, and T 2 ∼ 10ns is the coherence time. These curves are plotted in Supplementary Figure 1 : although our data are in good qualitative agreement, a more sophisticated model that takes account of asymmetric measurement visibility would match the experimental data even more closely.
Supplementary Note 3: Macroscopicity
To what extent is it legitimate to speak of the two states between which our measuring device discriminates as "macroscopically distinct"? More generally, do the two states which characteristically occur in a flux qubit, in particular the two flux eigenstates corresponding respectively to clockwise and counterclockwise circulating currents, deserve this description? This question has been subjected to considerable discussion in the recent literature, so we need to address it briefly.
A point which needs to be made forcefully at the start of any such discussion is that the notion of "macroscopic distinctness" or more generally of "macroscopicity" is not given a priori; it is a matter of definition, and the definition which one finds most useful or natural may well depend on the context in which one intends to apply it. This should be borne in mind when reading comparisons in the literature of very different kinds of physical system which use the authors' favorite figure of merit. In our case, and more generally in the history of experiments on flux qubits, the motivation for trying to define a measure of "macroscopic distinctness" has been to try to quantify the instinctive feeling that we suspect most physicists as well as most laypersons have that while the idea that an electron faced with the choice of two separated slits simultaneously may not definitely choose either is bizarre but (at least in 2016) tolerable, the notion of a cat which is neither definitely alive nor definitely dead is still distinctly alarming. For a refutation of the widespread misconception that the problem is resolved by the phenomenon of decoherence, see Ref. 3 . Thus we would like to define some kind of measure of how far a given experiment has progressed along the axis from the world of electrons and atoms to the world of our own direct experience: a measure, if you like, of the degree of "Schrödinger's-cattiness".
In what may have been the first attempt in the literature to define such a figure of merit, one of us (AJL) introduced in effect two relevant concepts, that of "extensive difference" and of "disconnectivity". The former, which is introduced explicitly in Ref. 4 is definable quite independently of any quantum-mechanical preconceptions; it is simply a measure of the difference in some extensive physical quantity in the two states which the measurement discriminates, normalized to some natural atomic-scale unit. (Of course, since by defining a sufficiently complicated extensive variable one could probably obtain an arbitrarily large value of the extensive difference, one needs to make some implicit assumption about the naturalness of the variable selected). The latter was introduced to distinguish between the various possible decompositions of the components of a superposition (having a certain extensive difference) which involve collusion to a greater or lesser extent 5 . Consider that the a large change of state of one particle alone might account for the exten-sive difference, in contrast to the case (as is presumably so for Schrödinger's cat) where the total difference is contributed to by a large number of colluding constituents each changing by smaller 'intensive' difference. The disconnectivity should measure the number of particles that behave differently in the two branches of the superposition. As with entanglement measures, with which the disconnectivity shares an affinity, there are a variety of ways of doing so -an example is shown below.
With regard to the "extensive difference" figure of merit, the situation in respect of the present experiment seems unambiguous, at least provided we are prepared to accept the magnetic moment as a "legitimate" extensive variable and take the normalization as the Bohr magneton µ B . Because in our experiment we use a persistent current of I p = 170nA flowing around a loop of cross sectional area 7 µm 2 , in principle we have an extensive difference in magnetic moment of approximately 2×130, 000µ B . However, our states |g and |e are not states of definite flux (see Methods).
We have instead an extensive difference of 0.7 × 2 × 130, 000µ B .
With regard to the "disconnectivity", the situation is more complicated. If one performs a detailed microscopic calculation of the number of electrons (each having a relatively high typical momentum) that must change state to take one persistent current state of the flux qubit to the other this number is given by the formula
as Korsbakken et al 6 show (L is the circumference of the loop, e is the electron charge and ν f is the Fermi velocity). For our experiment, it takes a value of about 8. To give some intuitive meaning 13 to this number, consider (as one of us has shown 7 ) that the corresponding figure for two states of the smallest dust particle visible with the unaided naked eye, one stationary and one moving over its diameter in a second, is ∼2.5. Both numbers increase if the respective extensive differences are shared out among the composite constituents which the fundamental constituents are bound into. The nucleons in the dust molecule reside within a nucleus, which has significantly lower average momentum. If the extensive difference is 'cashed out' in units of this lower momentum, around 160 nuclei would need to contribute. For the electrons in the flux qubit, the same argument using the lower momentum of a Cooper pair implies that a number of Cooper pairs several order of magnitudes higher than Korsbakken et. al's number of electrons (13) would need to be involved to explain the extensive difference 7 . The disconnectivity of our experiment could then become quite considerably larger than something ostensibly on the human scale.
The reader may wonder why we have not employed the definition of "macroscopicity" proposed in a recent paper by Nimmrichter and Hornberger (NH) 8 , which judging by its citations seems to have been widely accepted as in some sense canonical. Of course, this figure is even smaller for our experiment than for some previous ones on flux qubits, which in turn, as shown by NH, are much less "macroscopic" by their measure than various experiments at the atomic or molecular level. The reason is that NH are interested in formulating a figure of merit for a very specific class of theories alternative to QM, namely those which introduce some small corrections to the theory which are amplified as one goes from the atomic to the everyday level, and which in addition are constrained by their postulates (i)-(iv)(the prototype is that of the objective collapse theories from Ghirardi, Rimini and Weber 9 and from Pearle 10 ). While we agree that the NH crite-rion is very useful for the quantification of these corrections, we believe that in the context of our enterprise of "building Schrödinger's Cat in the laboratory" it is not always relevant, for at least two reasons: Firstly the constraints imposed by NH seem to us unduly restrictive; for example, relaxing their eqn.(2) to allow coupling not just to mechanical but to electromagnetic variables might yield a much larger figure of merit for flux qubits. In short, the NH measure presupposes a modification to quantum theory primarily concerned with mass, and this fact may imply that certain types of states we might wish to call unambiguously macroscopic are not so certified by the theory. We note that in Milburn's theory of intrinsic decoherence 11 ". . . the rate of diagonalization [collapse] depends on the square of the energy separation of the superposed states". This is but one concrete example of the different possible choices of macroscopicity scale. Secondly and most importantly, however, a future theory which allows definite outcomes at the level of everyday life, and hence supersedes QM at that level, is likely to be at least as different in its fundamental concepts from QM as the latter is from classical physics; and just as it is impossible (or possible only with a vast amount of hindsight) to view the classical-quantum transition in terms of "minimal modifications"
to classical physics, the same is likely to be true of a future conceptual revolution, if such should indeed occur, which overthrows QM itself. Thus we prefer to use a figure of merit for "macroscopicity" which is independent of QM considerations and better attuned to our common-sense notions of what distinguishes the Young's-slits and Schrödinger's-Cat (thought-) experiments. Of course, this does not exclude the possibility that other types of system such as optically levitated microspheres may in future yield larger values of this figure than that obtained here, or indeed attainable with any practical flux-qubit system.
